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A b s t r a c t  

O n   A p r i l  1 I ,  1 9 9 8  the W B57F  a i rc raf t   f lew  nor thwes t   a t   lower   s t ra tospher ic   a l t i tudes   f rom 

Hous ton ,   Texas ,   ove r   ea s t e rn   Wyoming   a s   pa r t   o f   t he  W B57F   Aeroso l   Mis s ion   t o   s ample  a vortex 

f i lament   forecas t  to pass   over   tha t   reg ion ,   observa t ions   o f   meteoro logica l   quant i t ies   as   wel l   as  

ozone ,   wa te r   vapor ,   and   ae roso l s   con f i rm  the   p re sence   o f   vo r t ex   a i r   du r ing   t he   f l i gh t ,   t hough   t he  

source  of   the  vortex  a i r   i s   inconclusive  f rom  t ra jectory  model ing.   Severe  turbulence  was  reported 

by  the  pi lot   in   the  lower  s t ra tosphere  over  W yoming  and   the   measurements   o f   hor izonta l   winds ,  

ozone ,   and   prof i les   o f   t empera ture  o n  boa rd   i nd ica t e   b reak ing   g rav i ty   waves .   The   NCARlPenn  

S ta t e   Mesosca le   Mode l  5 ("5) was   run  to assess   i ts   capabi l i ty   of   reproducing  the  gravi ty   waves.  

The   model   successfu l ly   s imula ted   the   occur rence   o f   the   waves ,   though  the   ver t ica l   ex ten t   i s   more  

l imited  than  the  observat ions  and  in   one  case  the  intensi ty   was  somewhat   less   than  the 

observa t ions .   Sca l ing   proper t ies   were   computed   to   demonst ra te   quant i ta t ive ly   tha t   the   MM5  output  

is smoother   than  the  observat ions  a t   wavelengths   s ignif icant ly   larger   than  the  model   resolut ion.  

Both  the  temperatures   and  the  horizontal   winds  scale   different ly   between  the  model   and  the 

obse rva t ions .   The   mode l   ou tpu t   t ends   t oward   pe r s i s t ence  (or cor re la t ion)   whi le   the   observa t ions  

tend  toward  ant ipers is tence  (or   ant icorrelat ion) .   The  model   output   lacks  the  small   scale   s t ructure   in  

both  winds  and  temperature   seen  in   the  observat ions  and so may  be  def ic ient   in   model ing  the 

behavior   o f   the   a tmosphere   a t   sca les   be low 5 0  km  despi te  a grid  spacing o f  6 . 6 1  k m .  

1 .  I n t r o d u c t i o n  

Gravi ty   waves  inf luence  the  s t ra tosphere  through a n u m b e r   o f   p r o c e s s e s .   D u r i n g   w i n t e r  in 

the  polar  vortices,  air  lifted by gravi ty   waves   can   cool   enough  ad iaba t ica l ly  to reach  f rost   point  

temperatures   and  form  polar   s t ra tospheric   c louds,   and  thus  may  play  an  important   role   in   ozone 

deplet ion.   Breaking  gravi ty   waves  exer t  a drag  on  the  circulation  in  the  stratosphere  and  are 

important  for  jet   stream  simulation  near  the  tropopause in numer ica l   weather   p red ic t ion   models ;  

some  representat ion  of   gravi ty   waves is needed  in general   c i rculat ion  models  to accurately  simulate 

the   dynamics  in   the  middle   a tmosphere.   Breaking  gravi ty   waves  a lso  cause  convect ive  instabi l i t ies  

in the   a tmosphere  a s  potent ia l   temperature  ( e  ) surfaces   become  ver t ical ,   mixing  a i r   and 

consti tuents  vertically  as a result. I n  addi t ion,   breaking  gravi ty   waves  generate   severe   turbulence 

in the  t roposphere  and  s t ra tosphere  that   could  damage  a i rcraf t .  

Few  s imulat ions  of   s t ra tospheric   gravi ty   waves  using  a i rcraf t   observat ions h a v e  been 

reported  in   previous  s tudies ,   though  these  observat ions are needed  to help a s s e s s  the   model ing  

capabi l i t ies   of   gravi ty   waves.   Bacmeister   e t   a l .  ( 1 9 9 0 )  used a l inear  model  to  simulate a gravity 



w a v e   o b s e r v e d  by the   ER-2   over   Antarc t ica .   Leutbecher   and   Volker t   (1996)   d i scussed   model ing  a 

grav i ty   wave   wi th   the   NCAR/Penn  S ta te   Univers i ty   Mesosca le   Model   vers ion  5 ("5) (Gre l l   e t  

a l .  1994) .   bu t   d id   no t   have   obse rva t ions   fo r   compar i son .  

T h e  W B 5 7 F   A e r o s o l  M i s s ion   was   des igned  to sample   the   upper   t roposphere   and   lower  

s t ra tosphere  with a var ie ty   o f   aerosol ,   t race   gas ,   and   meteoro logica l   ins t ruments .   On  Apr i l  1 1 ,  

1998 ,   t he  W B57F  f lew  nor thwes t   f rom  Hous ton ,   Texas  ( 3 0 - N ,  95"W)   t oward   t he   fo recas t   l oca t ion  

of a f i lament   o f   a i r   tha t   had   recent ly   pee led   o f f  of the   po lar   vor tex .   Whi le   over   cen t ra l   Wyoming 

(42"N,   105"W)  the   p i lo t   repor ted   severe   tu rbulence   a t   lower   s t ra tospher ic   a l t i tudes   ind ica t ive   o f  

breaking   grav i ty   waves .   The   severe   tu rbulence   encountered   by   the   a i rc raf t   was   co l loca ted   wi th  a 

blob  of   high  potent ia l   vor t ic i ty   (PV)  seen  in   the  European  Center   for   Medium  Range  Weather  

Forecas ts   (ECMW  F)   ana lyses   a t   450  K potent ia l   temperature   surface.   This   high  PV  a i r   may  have 

or iginated  f rom  high  la t i tudes in or   a round  the   po lar   vor tex ,   and   could   have   an   in f luence  o n  the 

propagat ion  and  breaking  character is t ics   of   gravi ty   waves  through a change  in  the  static  stability  in 

the   lower   s t ra tosphere .  

This   s tudy  analyzes   the  or igin  of   the   f i lament   with  observat ions  f rom  the W B57F   t oge the r  

with  trace  gas  observations  from  satell i te  and  trajectory  modeling.  The  gravity  waves  as  recorded 

by a i rc raf t   ins t rumenta t ion   a re   d i scussed ,   and  a model ing   s imula t ion   of   the   reg ion   us ing   MM5 is 

p r e s e n t e d .   T h e   o b s e r v a t i o n s   o n   b o a r d   t h e   W B 5 7 F   a r e   t h e n   c o m p a r e d  to model   resu l t s   across  a 

r ange  of  sca les .   Models   s imula t ing   the   a tmosphere   should   accura te ly   represent   smal l   as   wel l   as  

la rge   sca les ,   and   compar ison   wi th   Observa t ions   a l lows   the   assessment   o f   the   model ' s   accuracy .  

Power   spec t ra   and   sca l ing   invar iance   p roper t ies   were   computed   to   ana lyze   model   and   observa t iona l  

da t a .  

The   pape r   i s   o rgan ized   a s   fo l lows .   The   nex t   s ec t ion   desc r ibes   t he   obse rva t ions  of the 

vortex  f i lament   and  compares   them  with  numerical   weather   predict ion  model   analyses .   I t   a lso 

analyzes  the  observations of  the  gravity  waves.   Section 3 desc r ibes   t he   MM5  g rav i ty   wave  

model ing,   while   the  sect ion 4 presents   the  gravi ty   wave  model ing  resul ts .   Sect ion 5 c o m p a r e s   t h e  

sca l ing   behavior   o f   the   Observa t ions   and   model   ou tput ,   and   conclus ions   a re   d i scussed  in the  f inal  

sect ion.  

2 .  O b s e r v a t i o n s  d u r i n g  W A M  

T h e  W B 5 7 F   A e r o s o l  M iss ion  (W  AM)  occurred  in   spr ing  1998  and  consis ted  of   f l ights  

f rom  Hous ton ,   Texas  ( 3 0 " N .  9 5 " W )   d e s i g n e d  to s tudy   aerosols   a t   middle   and   subt ropica l   l a t i tudes .  

Upper   t ropospher ic   and   lower   s t ra tospher lc   a l t i tudes   were   observed   wi th  a variety  of  aerosol  (e.g. ,  

M u r p h y   e t  al .  1998) ,   t race   gas   ( to ta l   water ,   ozone) ,   and   meteoro logica l   ins t ruments   ( tempera ture ,  
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pressure) .   Winds  were  not   di rect ly   measured  hut   inferred  f rom  aircraf t   motion  and  t rue  heading 

using  the  aircraft’s  inertial   navigation  system  (INS).  

a .   Vortex  Air  

On  Apr i l  11 ,  the W B57F  f lew  northwest   f rom  Houston  in   an  a t tempt   to   encounter   a i r   that  

had  recent ly   peeled  off   f rom  the  polar   vortex.   Figure 1 s h o w s   t h e   E C M  W F potent ia l   vor t ic i ty   (PV) 

ana lyses   fo r  1 8  UTC,   abou t   t he   t ime   t ha t   t he   a i r c ra f t   r eached   i t s   t u rna round   po in t .   The   po la r   vo r t ex  

was   pushed   of f   the   po le   over   the   da te l ine ,   and  a long   f i l ament   can   he   seen   s t re tch ing   across   the  

highest   la t i tudes  down  into  the  eastern  Pacif ic   Ocean.   At   mid-Cal i fornia   (35”N)  the  f i lament   bends 

eas tward .  A blob  of   high  PV  a i r   a long  the  f l ight   t rack  can  he  seen  over   eastern  Wyoming  (41-N.  

105’W).   This   b lob   and  a second   ove r   no r theas t   New  Mex ico   and   no r thwes te rn   Texas   (36”N.  

103”W)  a re   apparent ly   d i s jo in t   f rom  the   f i l ament   by   severa l   hundreds   o f   km.   The   20   PV  uni t  

con tour  (1 PV  unit = 10 K m z   k g - l s . ‘ )   h a s   b e e n   d r a w n   o n   t h e   m a p   a n d   i s   u s e d   t o   r o u g h l y   i n d i c a t e  

the  locat ion  of   the  edge  of   the  vortex.   The  PV  blob  in   Wyoming  was  sampled  by  the W B 5 7 F ,  

whi le   the   one   in   New  Mexico   was   no t .   The   a i rc raf t   was   f ly ing   a t   approximate ly   400  K both  north-  

and   sou thbound   ove r   New  Mex ico ,   and   t he   PV  maps   a t   400  K do  no t   show  the   anomalous ly   h igh  

PV  blob  a t   that   a l t i tude.   This   is   confirmed  by  the  lack  of   evidence  in   the  a i rcraf t   observat ions.  

F igu re  2 shows   me teo ro log ica l .   t r ace   gas ,   and   ae roso l   obse rva t ions   on   boa rd   t he  W B 5 7 F  

for   the   nor thernmost   f l igh t   sec t ion .   F igure  3 shows  the   map  of   the   cor responding   sec t ion   of   f l igh t ,  

with  the  le t ters   “A”  through  “I”   indicat ing  the  locat ions  labeled in F igu re  2.  F rom  Po in t  “ A ”  to 

Point  “ D ” ,  the  f l ight  was  level  in  pressure  at   about 8 0  hPa   bu t   increas ing  in potent ia l   temperature  

f rom  430  to 4 5 0  K ( F i g u r e   l a )   a s  a result   of  an  increase  in  temperature  (Figure  Ib).   Ozone  during 

this   t ime  increased  f rom  700  pphv to above  2000 ppbv,   and  the  f ract ion of aerosols   wi th   meteor i t ic  

conten t   increased   f rom 2 0 - 5 0 %  t o   55 -75%  a s   measu red   by   PALMS  (Murphy   e t   a l .   1998)   (F igu re  

IC) .   Wate r   vapor   was   measu red   by   two   i n s t rumen t s   on   t h i s   f l i gh t .   The   JPL   TDL  [Refe rence  ? ? ? ‘ ? I  

water   vapor   increased   f rom  less   than  5 p p m v  to abou t  6 p p m v   f r o m   “ A ”  to “ D ” ,  whi le   the   NOAA 

water   vapor   increased   f rom 4 to nearly 5 p p m v .  

The   s igna ture   o f   these   observed   quant i t ies   i s   sugges t ive   o f   po lar   vor tex   a i r .   The   h igh  

ozone   and   h igh   meteor i t ic   f rac t ion   prec ludes  a t ropospher ic   source   (Murphy  e t  a l .  1 9 9 8 ) .   O n   o n l y  

o n e   o t h e r  W AM  f l ight   did  water   vapor   and  ozone  reach  these  high  values   above  430 K ( M a y  6 ,  

1998) ,   and  the  high  potent ia l   vor t ic i ty   on  that   day  a lso  suggests   that   the   a i rcraf t   f lew  through a 

poss ib le   remnant  of  vor tex   a i r .   Ozone   and   water   vapor   p rof i les   f rom  the   Halogen   Occul ta t ion  

Exper iment   (HALOE)  sa te l l i t e   ins t rument   were   used  to fur ther   invest igate   this   Due  to   the  orbi t  

cha rac t e r i s t i c s ,   HALOE  obse rved   on ly   midd le   and   l ower   l a t i t udes   du r ing   Apr i l   1998 .   F igu re  4 

shows   t he  1 2  HALOE  p ro f i l e s   f rom  Apr i l  8 ,  1998,   and  the  map  of   their   locat ions  a long  with  the 
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ECM  WF  poten t ia l   vor t ic i ty   a t   450  K at 18 UTC.   The   p ro f i l e s   have  a la t i tude   range   be tween 37 and 

40"N.   Us ing   t he  2 0  PV  uni t   contour   as   an  indicator   of   the   vortex  edge,   a l l   hut   one  of   the  prof i les  

a re   ou ts ide   the   vor tex .   The   prof i le   a t  1O"W longi tude,   p lot ted  with a dashed   cu rve  in F igure   4a   and  

a p lus  in F igure   4h ,   i s   loca ted   wi th in  a region  of  vortex  air   that   has  separated  from  the  main  vortex 

r eg ion   wh ich   i s   pushed   o f f   t he   po le   t oward   ea s t e rn   As ia .   The   ozone   and   wa te r   vapor   p ro f i l e s   a t  

this  location  are  clearly  different  from  the  other  profiles  at   the  same  lati tude.  

There   a re   sys temat ic   d i f fe rences   be tween  the   two  water   vapor   measurements   on   hoard   the  

W B 5 7 F   ( F i g u r e   3 d ) ,   a n d   b e t w e e n   t h o s e   m e a s u r e m e n t s   a n d   H A L O E   t r c f c r c n c c  ?'!'??),so to 

"calibrate"  the  aircraft   observations to the HALOE  da ta   the   observa t ions   f rom  ear ly   in   the   f l igh t  

were   compared   t o   zona l   mean   HALOE  va lues ,   exc lud ing   t he   vo r t ex   p ro f i l e .   Mean   NOAA  wa te r  

vapor   for   this   la t i tude  range  and  between  410  and  435 K w a s  0 . 3  p p m v   g r e a t e r   t h a n   H A L O E  

va lues ,   and   t he   mean   JPL   wa te r   vapor   was  1 . 1  p p m v   g r e a t e r   t h a n   H A L O E .   S u b t r a c t i n g   t h e s e  

d i f fe rences   f rom  the   a i rc raf t   observa t ions   y ie lds   va lues   a round  4 .5   ppmv.  A s imilar   analysis  

showed  tha t   the   ozone   measured   on   hoard   the   a i rc raf t   was   s l igh t ly   lower   than   the   HALOE 

re t r ieva ls .   The   ad jus ted   a i rc raf t   water   vapor   and   ozone   a re   p lo t ted   a t   450  K in F igu re   4a  as the 

d iamonds .   Both   a re   s l igh t ly   lower   a t   450  K than   the   va lues   f rom  the   HALOE  prof i le   wi th in   the  

vo r t ex .  

Animat ions   o f   the   ECM W F PV  at   450 K hackw  ard  in  time  from  April 1 1  are   inconclusive 

about   the   o r ig in   o f   the   PV  h loh   over  W yoming .  I t   is   not  clear  whether  the  blob  recently  peeled  off  

of  the  long  f i lament  displayed  in  Figure 1 and  was   more   rap id ly   advec ted  to Wyoming  than   the  

f i l amen t   i t s e l f ,   o r   pee l ed   o f f   f rom  the   vo r t ex   a t  an  earlier  t ime  and a different  location,  or  is   simply 

a mode l   anomaly .   Back   t r a j ec to r i e s   on   t he   450  K sur face   were   run   us ing   the   ECM W F analyses ,  

init ializing  air   parcels  at  1 8  UTC  on   Apr i l   11   ove r  a large  region  centered  on  Point  "D".  N o  

t ra jec tory   showed  c lear   ev idence   o f   coming  f rom  the   vor tex ,   though  they   passed   c lose  to the 

southern  edge  of   the  f i lament ,   Forward  t ra jector ies   of   parcels   s tar ted  on  Apri l  9 at  00  UTC  wi th in  

the  large  vortex  f i lament   seen  over   the  eastern  Pacif ic   in   Figure 1 do   no t   approach   c loser   than   1000 

km  of   the  a i rcraf t   f l ight   t rack  over  W yoming .  

T h u s ,  it appears   f rom  the  intermediate   t race  gas   observat ions  on  the  a i rcraf t   compared to the 

HALOE  prof i les   and  the  inconclusive  evidence  f rom  the  t ra jector ies   model ing  that   the   WB57F 

most   l ike ly   sampled   a i r   f rom  the   edge   of   the   vor tex .   The   ana lyses   may  no t   have   the   necessary  

spat ia l   resolut ion to cap tu re   r eg ions   o f   h igh   w ind   shea r   a t   t he   edge   o f   t he   vo r t ex ,   and  so hack 

t ra jector ies   would  not   be  able   to   accurately  es t imate   the  path  of   a i r   parcels   f rom  this   region.  

The  hloh  of   high  PV  a i r   may  have  modif ied  the  a tmospheric   character is t ics   s ignif icant ly   and 

created a si tuation  that   al lowed  the  severe  turbulence  reported by the W B57F  p i lo t .   Er te l ' s  

potential   vorticity is  de f ined  a s  a product  of  the  static  stabil i ty  and  the  absolute  vortlcity 
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P V  = - g  ae l a p  (c, + f )  

where  the  re la t ive  vort ic i ty   is   def ined 

av aU 

and  i s   eva lua ted   on  a e sur face   (Hol ton   1992) .   PV  i s  a conserved  quant i ty   in   the  absence  of  

friction  and  diabatic  heating,  and so the  high  PV  blob  over  W yoming  could   in f luence   g rav i ty   wave  

propagat ion  there   through  the  modif icat ion  of   the  s ta t ic   s tabi l i ty   term,   Breakdown  of   the  ECM W F 

PV  calculat ion  revealed  that   the   high  PV  blob  over   Wyoming  was  pr imari ly  a resul t   of   change  in  

wind   shear   as   mani fes ted  in the  relative  vorticity  term,  especially  in a u  l a y .  The  s ta t ic   s tabi l i ty  

t e rm  changed   somewha t ,   bu t   t he   magn i tude   o f   t he   change   was   no t   comparab le  to the  change  in  

wind   shear .   Fur ther   ev idence   regard ing   the   poss ib le   ro le   o f   the   f i l ament   in   the   g rav i ty   wave  

breaking   wi l l   he   d i scussed  in sec t ions   on   t he   a i r c ra f t   obse rva t ions   ( s ec t ion   2h )   and   MM5  mode l ing  

( sec t ion  4) .  

h .   G r a v i t y   W a v e s  

Over   southeas t  W yoming ,   l abe led   Po in t  “ D ”  in F igu re  3 ,  the  pilot   reported  severe 

tu rbu lence   a t   abou t  7 5  hPa  dur ing   the   nor thbound  sec t ion   of   the   f l igh t .   The   hor izonta l  w ind  speed 

shows  la rge   f luc tua t ions   a t   tha t   loca t ion ,   ranging   f rom 0 to 2 5  m s “ ,  and  wind  direct ion  a lso 

revea ls   l a rge   swings   (F igure   2e) .   Ozone   measurements   d i sp lay   increased   var iab i l i ty   dur ing   tha t  

t ime  (F igure   2c) .  

T h e   M i c r o w a v e   T e m p e r a t u r e   P r o f i l e r   ( M T P )   ( D e n n i n g   e t   a l .   1 9 8 9 )   w a s   o n   h o a r d   t h e  

W B 5 7 F  and  measured   tempera ture   p rof i les   every  1 5  seconds   for  a 14 km  region  centered o n  the 

aircraf t   a l t i tude.   The  resul t ing e surfaces   a long  the  f l ight   t rack  are   plot ted in F igu re  5 .  A t   6 2 , 6 0 0  s 

U T C   ( P o i n t  “D”) ,  where   the   p i lo t   repor ted   severe   tu rbulence ,   the   po ten t ia l   t empera ture   sur faces   a re  

near ly   ver t ica l .   The   accuracy   of   MTP is  approximately 0.5 K of   po ten t ia l   t empera ture   near   a i rc raf t  

al t i tude;  the  accuracy  decreases  with  distance  away  from  the  aircraft .   Despite  the  larger  absolute 

uncer ta in t ies   a t   h igher   and   lower   a l t i tudes ,   the   shapes   o f   the   i sen t ropes   a re   accura te ,   and  so  these 

f luctuat ions  are   not  a resu l t   o f   ins t rument   e r rors .  

The   repor t s   o f   severe   tu rbulence   by   the   p i lo t ,   the   l a rge   f luc tua t ions  in wind   and   ozone .   and  

the  nearly  vertical  I3 surfaces   a l l   are   evidence  of  a breaking   grav i ty   wave   The   loca t ion   of   the  
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gravi ty   wave is j u s t   downs t r eam  o f   t he   La ramie   Moun ta ins   ( j u s t   sou th   and   wes t   o f   Po in t“D”  in 

F igu re  3 ) ,  which  r ise  500 m above   the   p la in   to   the   southwes t .   Preva i l ing   near -sur face   winds   were  

from  the  southwest   a t   the   t ime  of   the  gravi ty   wave  observat ions as  indicated  by  the 700  hPa  

E C M  W F ana lyses   a t   18   UTC  on   Apr i l  1 1  (F igu re  3) .  Thus ,   the   observed   grav i ty   wave   appears   to  

have   been   genera ted   by   f low  over   topography  and   subsequent ly   p ropagated  to lower   s t ra tospher ic  

a l t i tudes.  

Addit ional   gravi ty   waves  can  he  seen in both   the   a i rc raf t   observa t ions   and   in   the   MTP e 

su r faces .   Fea tu res   a t   Po in t  “I”  in F igu res  2 ,  3 ,  and 5 also  show  evidence  of   gravi ty   wave  act ivi ty  

with  increased  var iabi l i ty   in   ozone,   wind  speed  and  direct ion,   and  sharp  changes  in   the  MTP 9 

sur faces .   From  the   MTP  c ross -sec t ion   the   ampl i tude   o f   the   wave   grows  and   the   i sen t ropes   s teepen  

with  a l t i tude  above  the  a i rcraf t .   This   locat ion  is   downstream  from  the  Bighorn  Mountains ,   which 

rise 1500 m above  the  surrounding  terrain.  

T h e  M TP  tempera ture   p rof i les   can   be   used  to compute  the  static  stability  term - 8  Je I J p  

used  in  the  PV  calculation,  though  at a much  h igher   ver t ica l   and   hor izonta l   reso lu t ion   than   the  

E C M  W F ana lyses ,   A t  450 K the  static  stabil i ty  has  sl ightly  higher  values  near  Point “ D ”  (nea r  

a i rc raf t   l eve l )   and   much  h igher   va lues   jus t   before   Poin t   “F”   (above   a i rc raf t   l eve l ) ;   th i s   can   be   seen  

in F igu re  5 as   the   compress ion   of   the   i sen t ropes .   These   reg ions   o f   h igh   s ta t ic   s tab i l i ty   may  be  

related  to  the  high  PV  hloh  seen  in  the  ECM W F analyses   and  vortex  s ignature   of   a i rcraf t  

obse rva t ions   a t   Po in t  “ D ” .  A t   and   be fo re   Po in t   “F” ,   t he re  are sp ikes   o f   h igh   ozone ,   hu t  n o  

corresponding  increases   in   the  water   vapor .   Thus,   the   high  s ta t lc   s tabi l i ty   seen  by  MTP  may  he 

confined to a l t i tudes  above  the  a i rcraf t ,  in which   case   the   a i rc raf t   could   no t   have   sampled   the   vor tex  

air   a t   th is   locat ion,   or   i t   may  he  unrelated to the  high  PV  (and  thus  the  vortex  a i r )   seen in the 

ana lyses .  

Wavele t   ana lys i s   i s  a technique  that   a l lows  invest igat ion  into  the  temporal   evolut ion  of  a 

p o w e r   s p e c t r u m .   B y   c o m p u t i n g  a wave le t   power   spec t rum,   one   can   de t e rmine   wha t   t he   dominan t  

wavelengths   a re   and ,   impor tan t   for   a i rc raf t   s tud ies ,   de te rmine   when  (or   equiva len t ly ,   where)   those  

wavelengths   a re   dominant .   That   i s ,   fo r   each   wavelength ,   the   wavele t   power   can   he   p lo t ted  as  a 

t ime   s e r i e s .   Fo l lowing   Tor rence   and   Compo  ( 1 9 9 8 ) .  a Mor le t   wavele t   bas i s   was   used  to c o m p u t e  

the   wave le t   power   spec t rum.   The   da t a   were   f i r s t   de t r ended   and  a cosine  taper  of  10%  of  the 

o r ig ina l   number   o f   po in t s   was   app l i ed   t o   ensu re   pe r iod ic i ty .   The   wave le t   power   spec t rum  was  

computed   for   near ly   the   en t i re   f l igh t .   F igures  6 - 8  show  the   wavele t   power   spec t ra   for   the  I N S  

hor izonta l   wind   speed ,   the   ozone ,   and   the   PTW  tempera ture   measured  o n  board  the W B57F   fo r   t he  

nor thernmost   sec t ion   of   f l igh t   (and  so no   “cone   o f   i n f luence” ,   o r   r eg ion   where   edge   e f f ec t s   occu r ,  

exis ts   in   these  plots) ,   corresponding to F igu re  2 .  A lag-I  autoregress ive   p rocess   was   used   to  

m o d e l  a red  noise   spectrum  with  the  same  lag-I   autocorrelat ion a s  the   observat ions  (Gilman  e t   a l .  
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1963) .   The   95%  s ign i f i cance   l eve l   u s ing   t h i s   r ed   no i se   spec t rum  i s   a l so   con toured  in F igures   6 -8  

and   shows   r eg ions   where   t he   power   i s   s ign i f i can t ly   h igh .   The   w ind   speed ,   t empera tu re ,   and  

ozone   a re   a l l  1 H z   d a t a ,  so the   Nyquis t   per iod   i s  2 s .  T h e   n o m i n a l   a i r c r a f t   s p e e d   o f  200 m s” w a s  

used   to   conver t   f requencies  to wavelengths   us ing   Taylor ’s   hypothes is .  

The   w ind   speed   power   spec t rum  (F igu re   6 )   shows   s ign i f i can t ly   h igh   power   a t  a per iod   of  

abou t  10 s ( 2  km  wavelength)   th roughout   the   t ime  per iod   shown.   At   Poin ts  “ D ”  and  ”I” ,  w h e r e  

gravi ty   wave  act ivi ty   occurred,   there   is   h igh  power  f rom 2 to 20  s .  In cont ras t ,   a t   o ther   t imes   the  

h igh   power   i s   concent ra ted   on ly   a round 10  s .  Though  s t ruc ture   i s   ev ident   a t   l a rger   per iods ,   none  

is  significantly  high  at  the  95%  level. 

T h e   o z o n e   w a v e l e t   p o w e r   s p e c t r u m   ( F i g u r e  7 )  s h o w s   p e a k s  in p o w e r   a t   s e v e r a l   t i m e s .  

These   peaks   a re   genera l ly   spread   th roughout   the   low  per iods ,   up  to 200 s (40  km  wave leng th ) ,   and  

are   not   as   widespread  in   t ime  nor   as   concentrated  in   the 10  s period  as  the  power  in  the  wind  speed 

spec t rum.   The   r eg ions   o f   t he   l a rge   g rav i ty   waves ,   Po in t s  “ D ”  and “ I ” ,  show  h igh   power ,   hu t   o the r  

r eg ions   a l so   show  h igh   power ,   fo r   example ,   he fo re   63 ,000  s and  be tween  Poin ts  “ E ”  a n d   “ F ” .  

M T P   s h o w s  a smaller   gravi ty  w ave   j u s t   be fo re   63 ,000  s primarily  below  the  aircraft   al t i tude.   while 

be tween  Poin ts  “E”  and  ”F”  an  increase  in  the  static  stabil i ty  can  he  seen  as  the  isentropes  become 

closer  together:   these  features  may  be  related to the  high  ozone  power  seen  there .  

F igu re  8 plo ts   the   t empera ture   wavele t   power   spec t rum.   S igni f icant ly   h igh   power   i s  

ev ident   a t   Poin ts  “ D ”  and “ I ” ,  the   large  gravi ty   waves,   for   per iods  f rom 2 to 1000 s and  h igher .  

Another   no tab le   fea ture   o f   the   t empera ture   spec t rum is the  presence  of   two  t imes  of   concentrated 10 

s p o w e r   a t   P o i n t s   “ A ”   a n d   j u s t   b e f o r e   6 3 , 0 0 0  s .  These  are   a lso  evident   in   the  pressure  wavelet  

power   spec t rum  (no t   shown) ,   and   co r re spond  to the  concentrated  increase  in   power  in   the  wind 

speed   power   spec t rum,   t hough  in  contrast to the   t empera ture   and   pressure   the   wind   speed   power  

spec t rum  shows   c l ea r   ev idence   o f   t h i s   behav io r   t h roughou t   much   o f   t he   f l i gh t   ( and   t he   h igh   power  

shif ts  to s l ight ly   lower  per iods,   perhaps  in   response to a decrease  in   a l t i tude) .   These  two  t imes  of  

h igh   t empera tu re   power   occu r   du r ing   l eve l   f l i gh t   ( i n   p re s su re ) .   The   o sc i l l a t ions   o f   p re s su re   l ead  

temperature   osci l la t ions  by  30-50”,   and  lead  wind  speed  osci l la t ions by 1 2 0 ” .  Though   p re s su re  

lead ing   wind   speed   could   he   expla ined   by  a lack  of   t ime  synchronizat ion  between  PTW  and  INS,  

both   p ressure   and   tempera ture   a re   measured  by P T W .  O n  n o   o t h e r  W AM  f l igh t   do   these  10 s 

p o w e r   a n o m a l i e s   a p p e a r  in  temperature  and  pressure;  o n  the  April  9 f l ight   there   is  a sugges t ion   of  

concentrated 10 s p o w e r  in  the  wind  speed,  but  i t   is   less  clear  than  on  April  1 1 .  The   a i r c ra f t ’ s  

au topi lo t   opera tes   wi th  a 1 H z  r e sponse ,   and  so i s   no t   hke ly   to   he   the   explana t ion .   Fur ther  

investigation  is   required to explain  these  features 
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3.  M o d e l   D e s c r i p t i o n  

MMS  wasused   t o   s imu la t e   t he   obse rved   g rav i ty   waves .   MM5  so lves   t he   p r imi t ive  

equat ions   govern ing   the   mot ion   of   the   a tmosphere   in   fu l l   th ree-d imens iona l   form  and   incorpora tes  

a l l  k n o w n   m a j o r   p h y s i c a l   p a r a m e t e r i z a t i o n s   n e e d e d ,   i n c l u d i n g   b o u n d a r y   l a y e r   p r o c e s s e s ,   r a d i a t i o n ,  

and   mo i s t   p rocesses .   MM5  i s  a nonhydros ta t ic ,   compress ib le   g r id   po in t   model   and   uses  a terrain- 

fol lowing  coordinate  in the  ver t ical .   In   MMS  the  prognost ic   var iables   are   wind,   temperature ,  

pressure  per turbat ion,   and  several   moisture   var iables .  

In   this   s tudy,   three  interact ive,   nested  domains  were  used  with  gr id   spacings  of   60,  2 0 ,  and 

6 . 6 7   k m .   T h e   i n n e r   t w o   d o m a i n s   a r e   s h o w n  in F igu re  1 ;  the   ou termost   domain   ex tends   f rom 

approximately  the  datel ine  to   the  eastern U S  and  from 1 5  to 6 5 “ N .   T h e   i n n e r m o s t   d o m a i n  is 

s h o w n  in F igu re  3 a long   wi th   the   topography  used;   the   o r ig ina l   reso lu t ion   of   the   topography  was  1 

km.   The   mode l   was   conf igu red   w i th   41   ve r t i ca l   l eve l s ,   a t   abou t   700  m vert ical   gr id   spacing,   and 

the   model   top  w a s  loca ted   a t  3 0  hPa.   The   t ime  s tep   was   se t   to  100 s .  A radia t ive   upper   boundary  

condi t ion  was  used  a t   the   top  of   the  model   to   reduce  ref lect ion  of  w aves .   The   Hong   and   Pan  

(1996)   p lane tary   boundary   l ayer   parameter iza t ion ,   used   in   the   Medium-Range   Forecas t   (MRF)  

model   a t   the   Nat iona l   Centers   for   Envi ronmenta l   Pred ica t ion   (NCEP) ,   was   spec i f ied .  

The   model   was   in i t ia l ized   a t  00  UTC  on   Apr i l  1 1  us ing   ECM W F ana lyses   w inds   and  

temperatures  as  well  as avai lab le   rad iosonde   observa t ions .   The   ana lyses   have  a horizontal  

resolut lon o f  1 .25”  ( T 1 0 6 ) ,  a m o d e l   t o p   o f  I O  hPa,   and   a re   ava i lab le   every   s ix   hours .   ECM  WF 

analyses   a l so   p rovided   the   boundary   condi t ions   dur ing   the   MM5  in tegra t ion .   The   model  w a s  

in tegra ted   for  1 8  hours .   MM5  accura te ly   s imula ted   the   l a rge   sca le   fea tures   seen  in the  analyses,  

such   as   the   movement   o f   the   vor tex   f i l ament   a t  450 K and  the  posi t ion  of  500  hPa  he ights .  

4 .  M o d e l   R e s u l t s  

Figure 9 s h o w s   t h e   M M 5   o u t p u t   i n t e r p o l a t e d  to the W B57F  f l ight   t rack  and  for   the  same 

alt i tude  region as  in F igu re  5 .  The   MM5  ou tpu t   has   been   i n t e rpo la t ed   a t   each   l oca t ion  to the  aircraft 

observa t ion   t ime,   us ing   the   model   end   t ime  of  18 UTC  for   a i rc raf t   t imes   l a te r   than   th i s .   The   MM5 

0 surfaces   show a breaking  gravi ty   wave  a t   Points  “ D ”  as   indicated  by  the  spreading  of   the 

0 surfaces   and  near ly   ver t ical   contours   a t   a i rcraf t   a l t i tudes.   The  breaking  wave  a t   Point  “I”  is 

stronger  in  the M M 5   o u t p u t   t h a n   a t   P o i n t  “ D ” ,  with  c losed  contours   of   potent ia l   temperature  

appearing.   Both  events   have  l imited  ver t ical   extent .   In   contrast ,   the   MTP  data   indicate   large 

ver t ical   extent   of   the   breaking  waves,   possibly  owing to the  real   wave  breaking  only  enough to 
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allow  further  vertical   propagation  ( that   is ,   the  real   waves  are  saturated  above  the  init ial   breaking 

a l t i t ude ) .   Fu r the rmore ,   MM5  may   he   unab le  to resolve  the  small-scale  gravity  waves  that   could  be 

contributing  to  the  breaking  at   different  al t i tudes.  

T h e  M M 5 output   reveals   weaker   s tabi l i ty   compared  to   the M TP;   whi le   the  420 K isentrope 

is  located  in  roughly  the  same  location  in  both  data  sets,   ahout 9 0 - 1 0 0  hPa,   the 500 K isentrope  is  

at a much  h igher   a l t i tude   in   the   MM5  output  ( 5 0  hPa)   than   in   the   MTP  observa t ions  (55 -60  hPa) .  

A t   f l i gh t   a l t i t ude ,   t he   MM5  t empera tu res   a r e   t oo   co ld   by  10-20 K compared  to the M T P  

tempera tures .   The   smal l   sca le   s t ruc ture   o f   the  6 surfaces  in  the M TP  data   is   not   evident   in   the 

M M 5   o u t p u t .   S o m e   o f   t h i s   s m o o t h n e s s  is due  to  the  relatively  large  spatial   scale  of  “5.   At a 

grid  spacing of  6.67 k m ,   t h e   M M 5   d a t a   c o r r e s p o n d   t o  a t ime  of  3 3  s in   the  f igure.   Small   scale  

f luc tua t ions   canno t   be   r e so lved   by   t he   MM5  domain ,   and   t he   sma l l e r   g rav i ty   waves   t ha t   d i s tu rb   t he  

a tmosphe re   a t   sma l l   s ca l e s   a r e   no t   gene ra t ed  in “5 .   However ,   the   f igure   appears   too   smooth  

even   a t   sca les   l a rger   than  20 km ( 1 0 0  s ) .  T h i s  is  analyzed  further  in  section 5 be low.  

Model-generated  ver t ical   veloci t ies   and  potent ia l   temperatures   are   shown  in   Figure 10 along 

a vertical   cross-section  oriented  perpendicular to the  f l ight   t rack  across   the  Laramie  Mountains  

(southwest-northeast)   (Point  “D”) .  Alternating  posit ive  and  negative  vertical   velocit ies  propagating 

upward   f rom  the   mounta in   c res t   a re   ev idence   o f  a vertically  propagating  gravity  wave.  At 7 0 - 8 0  

hPa,   near   a i rc raf t   a l t i tude ,   the  6 sur faces   show  ev idence   o f   spreading ,   ind ica t ing   convec t ive  

instabil i ty  and  breaking.  In  addition,  the  vertical   velocity  perturbations  do  not  appear  above  this 

altitude. 

The   ver t ica l   c ross -sec t ions   o f   MM 5 vertical   velocit ies  and  isentropes  at  18 UTC  ove r   t he  

B ighorn   Moun ta ins   (Po in t s   “H”   and   “ I ” )   a r e   p lo t t ed  in F igu re  1 1 ,  analogous   to   F igure  1 0 .  In 

addition  to  the  location  of  the  northbound  aircraft  location  (cross),  the  southbound  aircraft  location 

is   indicated  (dot) .   The  t ime  of  18 U T C   w a s   c h o s e n  a s  the   a i rcraf t   passed  over   this   locat ion  about  

12 minu tes   be fo re   (no r thbound)   and  18  minutes   a f te r   ( southbound) ,   and  18 UTC  was   t he   end   o f  

the   model   in tegra t ion ;   the   model   ou tput   d id   no t   ind ica te   much  change   in   the   wave   s t ruc ture   f rom 17 

to 18 U T C .  

Figure 1 1  reveals   that   the   a i rcraf t   f lew  northbound  to   the  west   of   the   region  of   the  breaking 

gravi ty   wave ,   and   on   the   southbound  sec t ion   the   a i rc raf t  w a s  at  the  lower  alt i tude  of  the  breaking 

gravi ty   wave .   Accord ing   to   the   MM5  output ,   i f   the   a i rc raf t   had   f lown  southbound  a t   s l igh t ly  

h igher   a l t i tudes ,   e .g . ,   a t  8 0  hPa   i n s t ead   o f   90   hPa ,   i t   wou ld   have   encoun te red   more   s eve re  

turbulence   than   was   p red ic ted   over   the   Laramie   Mounta ins .  

Analys is   o f   model   ou tput   f rom  prev ious   t imes   revea ls   tha t   the   g rav i ty   waves   began   a t  6 

U T C   o n   A p r i l  1 1  and  cont inued   th rough  the   end   of   the   model   run   a t  18 UTC.   The   g rav i ty   waves  

occurred  in  conjunction  with  an  increase in the 7 0 0  hPa  wind   ups t ream  f rom  the   mounta ins   (F igure  
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3) .   Gravi ty   wave   propagat ion   i s   ev ident   th roughout   the   innermost   model   domain  in c lose 

connec t ion   wi th   the   topography.  

Whi l e   MM5  accu ra t e ly   mode l s   t he  long vortex  f i lament  seen in Figure I ,  the  high  PV  blob 

o v e r  W yoming  does   no t   appear   as   c lear ly   def ined   in   the   model   ou tput   as   in   the   ECM W F analyses .  

The re   a r e   anomalous ly   h igh   and  l o w  PV  pa tches   th roughout   the   innermost   model   domain ,   and  

these  are   uncorrelated  with  gravi ty   wave  propagat ion.   Thus,   the   gravi ty   waves  in   MM5  do n o t  

require  the  increased  static  stabil i ty  possibly  associated  with a blob  of  high  PV  air in order  to 

p r o p a g a t e   o r   b r e a k .  

5 .  S c a l e   A n a l y s i s  

A compar ison   of   F igures  5 and 9 r evea l s   t ha t   t he   MM5  da t a   appea r  to h e   m u c h   s m o o t h e r  

than  the M TP   con tour s ,   even   a t   much   l a rge r   s ca l e s   t han   t he  M M 5 grid  spacing  of   6 .67  km 

(co r re spond ing   t o   33  s of   a i rc raf t   t ime) .   To   inves t iga te   th i s ,   spec t ra l   ana lys i s   o f   the   model   and  

observations  is   presented  in  this  section  as  well   as  the  calculations  of  scaling  properties.  

a .   Spec t ra l   Analys is  

The   MM5  output   t empera tures   and   hor izonta l   winds   a t   1720  UTC  were   in te rpola ted  to the 

W B57F  f l ight   t rack  and  a l t i tude  f rom  the  edge  of   the  model   domain (61 ,500  s )  to  the  turnaround 

( m o s t   n o r t h e r n )   p o i n t   ( 6 5 , 0 0 0  s ) .  Interpolat ion  to   each 1 s (0 .2 km)  a i rc raf t   po in t   resu l ted  in a 

dec rease  in power   a t   the   smal les t   wavelengths   f rom  10-40   km  compared  to a spec t rum  computed   a t  

a horizontal   gr id   spacing  s imilar  to the   domain ,  so i t   was  decided to interpolate   the  model   data  

wi thout   changing   the   o r ig ina l   model   g r id   spac ing   s ign i f icant ly .   S ince   the   f l igh t   t rack   i s   angled   a t  

45"  to the   mode l   domain ,   t he   ho r i zon ta l   spac ing   was   chosen  to h e   A x / c o s 4 5 "  = 9 . 4  k m ,   w h e r e  Ax 

was  the  gr id   spacing of  t he   i nne r   domain .   The   power   spec t rum  was   t hen   computed   fo r   t he  

de t rended   model   da ta   and   observa t ions ;  a cosine  taper   was  appl ied to both   ends   usmg 10% of   the  

points   to   ensure  per iodici ty .   Using  Taylor 's   hypothesis   and  the  a i rcraf t   speed  of  200 m s" the 

t imes   o f   a i rc raf t   observa t ions   were   conver ted   to   d i s tance .  

T h e  W AM  observat ions  and  interpolated M M 5  mode l   ou tpu t   a r e   shown  in  Figures  12a 

( t e m p e r a t u r e )   a n d   1 3 a   ( w i n d   s p e e d ) .   T h e   c o r r e s p o n d i n g   p o w e r   s p e c t r a  E ( k ) ,  where  k is   the   scale ,  

a r e   shown  in F igu res   12b   and   13b .   Fo r   bo th   va r i ab le s   t he   power  o f  the   observed  quant i ty   exceeds 

the   model   power   a l l   a lmost   a l l   wavelengths .  A t  wavelengths   l ess   than  50 km,   wel l   above   the  

Nyquis t   wavelength   for   the   model   da ta   (18   km)   and  in wavelength   reg ions   tha t   one   would   expec t  
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M M 5  to   model   accura te ly ,   the   model   power   i s   l ess   than   the   observed   power   by  a f a c t o r   o f  10 to 

1 0 0 .  

Interpolat ion,   even  to   comparable   gr id   spacings,   smoothes  the  data   and  reduces  the  power 

a t   the   smal les t   wavelengths .   This   may  expla in   some  of   the   d i f fe rences   be tween  the   model   and  

observed   power   a t   the   smal les t   wavelengths ,   hu t   the   l a rge   d i f fe rences   a t   l a rger   (e .g . ,  50 k m )  

w a v e l e n g t h s   m a y   b e   d u e  to inaccura te   model ing  of  a tmosphe r i c   mo t ions   by  "5. F o r   e x a m p l e ,  

the  substantial   increase in tempera ture   o f  10 K f rom 0 to 200   km  in   F igure   12a   and   subsequent  

sharp  decrease  is   missing  f rom  the M M 5  output .   Similar ly ,   the   large  scale   wind  speed  osci l la t ions 

o f   2 0  m s" seen  in the   observa t ions   th roughout   the   reg ion   do   no t   occur   in   the  M M 5  data   (Figure 

1 3 a ) .  

A l so   shown   in   F igu res   12b   and   13h   i s   t he   power   l aw   sca l ing   exponen t  6, w h e r e  

E ( k ) -  k - ' .  ( 3 )  

For  the  a i rcraf t   observat ions,  B was   computed   ove r   t he   r ange   o f   s ca l e s   o f   t he   i n t e rpo la t ed  M M 5  

ou tpu t   (Tab le  1 ) .  For   the   PTW  tempera ture ,   there   appears   to   be  a sca le   b reak   a t   about  10 km:   the  

power  spectrum  f la t tens   out   s l ight ly   a t   the   largest   scales ,   where B is   computed,   compared  to  

sma l l e r   s ca l e s .   The   power   spec t rum  a l so   f l a t t ens   ou t   somewha t   a t   t he   sma l l e s t   s ca l e s ,   wh ich   i s  

ind ica t ive   o f   whi te   ( ins t rumenta l )   no ise   (Davis   e t   a l .   1996) .   For   t empera ture ,   B(PTW)  i s   l ess   than  

B ( M M 5 ) .  ind ica t ing   tha t   for  M M 5  the   smallest   scales   are   not   contr ibut ing a s  m u c h   a s  in  the  real 

a t m o s p h e r e .   S i m i l a r l y ,   f o r   w i n d   s p e e d  B ( M M 5 )  is   less  than B(1N.S).  

A str iking  feature   of   the  I N S  wind  speed   spec t rum  i s   the   l a rge   increase  in power   s een  

a round  2 km  ( co r re spond ing  to 10 s ) .  A smal l   peak  in the   PTW  tempera ture   power   spec t rum  i s  

a l so   ev ident ,   though  i t s   magni tude   and   wid th   a re   much  less   than   seen  in the   wind   speed   spec t rum.  

This   fea ture   has   been   d i scussed   above   and   can   be   seen   in   the   wavele t   power   spec t ra   (F igures  6 and 

8 ) .  

h .   Sca le   Ana lys i s  

Fol lowing   Davis   e t   a l .   (1994) .   we   ca lcu la ted   two  proper t ies   o f   mul t i sca l lng   for   the  

temperatures   and  horizontal   wind  speeds  observed  by  the  a i rcraf t   and  modeled  by M M  5 .  The   f i r s t  

uses   s t ruc ture   func t ions  to de te rmine   pers i s tence ,   and   the   second  measures   in te rmi t tency .   The  

M M 5  data   were  interpolated to the W B57F  f l ight   t rack  as   descr ibed  in   Sect ion  Sa  above.  



I .  S f r u c r u r e  F u n c t i o n s  

Structure   funct ions of  each   var iab le   were   computed   and   a re   measures   o f   the   amount   o f  

pers i s tence   ( smoothness)   o r   an t ipers i s tence   ( roughness)   o f   the   da ta .  A family  of   exponents  H ( q )  

w a s   c a l c u l a t e d ,   w h e r e  q i s   t he   s t a t i s t i ca l   moment .  H ,  (i.e.,  H ( q )  where  q = 1 )  has   been   used   by  

var ious   au thors   (Davis   e t   a l .   1994,   1996,   1997;  M arshak   e t   a l .   1997)   as  a qual i ta t ive  indicator  of  

persis tence.  H ,  ranges  f rom 0 (ant ipers is tence,   s ta t ionari ty ,   neighboring  points   are   more  l ikely  to  

be  ant icorrelated;   white   noise   is   an  example)  to 1 (pers is tence,   nonstat ionari ty ,   neighboring  points  

are  more  l ikely to he  correlated;  a line  with a nonzero   s lope   i s   an   example) .   Fol lowing   the   no ta t ion  

o f   D a v i s   e t  a l .  (1994) ,   we   de f ine  q ( x )  to be  the  data  set   we  are  interested  in  ( temperature  or  wind 

speed  f rom W A M  o r  M M 5 ) .  T h e   s c a l i n g   e x p o n e n t  B is  used  to  test  the  stationarity  of q ( x ) .  If  the 

data   set   i s   nonstat ionary ( b  > 1 )  wi th   s ta t ionary   increments  (B < 3 ) ,  as   are   a l l   four   data   sets   of  

in te res t   (Table  I ) ,  then   we   can   def ine  

A c p ( r ; x ) = c p ( x + r ) - q ( x ) ,   O < r <  L ,  0 5 x 5  L - r  ( 4 )  

where  r is the  interval  length  and L is   the   length  of   the  data   set .   Because  these  increments   are  

s t a t i o n a r y ,   w e   c a n   a v e r a g e   o v e r x  ( A q ( r ; x )  = A q ( r ) ) .  Tak ing   abso lu t e   moment s   o f  Ap(r ) ,  if the 

data  set   is   scale  invariant  then 

( l A q ( r ) r ) =  r i ' O  ( 5 )  

w h e r e  ( l A q ( r ) r )  is   termed  the  qth  order   s t ructure   funct ion.   The  family  of   exponents  H ( q )  can   be  

def ined  as  

C ( 4 )  
H ( q )  = - ( 6 )  

4 

If H ( q )  varies   with q .  then  the  data  set   is   called  "multifractal" o r  "multiscaling". 

F igu re  1 4  shows  the   s t ruc ture   func t ions   o f   a l l   four   da ta   se t s   on  a log-log  plot   for  q = I .  H ,  

is   the   s lope  of   the  l inear   least   squares   f i t   and  is   shown  in   Table  1 .  H ,  using M M  5 temperature   is  

0 .64  indicat ing  some  pers is tence  in   the  data;   th is   smoothness   can  be  seen in the  temperature  in 

Figure  12a.   Using  the  ent i re   range  of   scales   present   in   the  PTW  temperature ,  H ,  = 0 . 5 4 .  

H o w e v e r ,   u s i n g   o n l y   t h e   r a n g e   o f   s c a l e s   a v a i l a b l e   t o  M M S ,  H ,  = 0 . 3 6 .   T h u s ,   o v e r   w a v e l e n g t h s  

grea te r   than   9 .4   km,   the   PTW  tempera ture   i s   more   an t ipers i s ten t   (or   an t icor re la ted)   than   the  M M 5  

t empera ture .   There   appears   to   be  a scale   break  a t   roughly 10 km,   w i th   h ighe r  H ,  f o r  the   smal le r  

s ca l e s  
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Similar   resul ts   occur   for   the  comparison  between  INS  and M M 5  wind   speed .   The  H ,  

computed   fo r   a l l   INS   s ca l e s   i s   more   s imi l a r   t o   t ha t   computed   on ly   fo r   t he  M M  5 sca l e s ,   however  

( 0 . 2 5  compared  to  0 . 2 9 ) .  The   s ca t t e r  in  the  points  about  the H , = 0 . 2 5  l ine   sugges ts   tha t   wind  

speed   may  no t   be  a sca le   invar ian t   p rocess   across   a l l   sca les .   In   par t icu lar ,   there   a re   l a rge   devia t ions  

f rom  the   l eas t   squares   f i t   a round  10gl , (2   km)=0.3 ,   cor responding  to the  peak  at  2 km  in  the  Fourier 

and   wavele t   power   spec t ra .  

S ince  j3 = 2 H ,  + 1 ( D a v i s   e t   a l .  1 9 9 4 ) ,  we  can   u se   t he   r e su l t s   f rom  F igu res   12b   and   13b   t o  

compare  with  the  calculated H 2  over   the  M M 5  range   of   sca le .   Large   d i f fe rences   occur   on ly   for   the  

INS  wind   speed   (Table  1 ) ;  together   with  the  scat ter   of   points   around  the  least   squares   f i t ted  l ine 

this  may  indicate  the  lack  of  scale  invariance  of  the I N S  wind  speed  even  a t   the   largest   scales .  

Al l   four   da ta   se t s   a re   mul t i f rac ta l   s ince   the  H ( q )  fo r   each   were   no t   cons t an t   when   va ry ing  q 

(Table   1 ) .  

2 .  I n f e r r n i t t e n c y  

In te rmi t tency   was   a l so   ca lcu la ted   and   measures   how  sparse  or spiky  the  data  set   is .  

Analogous   to  H , ,  C ,  is a measure   o f   the   in te rmi t tency   of   the   da ta   se t .   Ext remes   range   f rom C ,  = 0 

fo r   wh i t e   no i se  to C ,  = 1 for   func t ions   such  as  the   Dirac  del ta   funct ion  and  the  Heavis ide  s tep 

funct ion (M arshak   e t   a i .  1 9 9 7 ) .  To  ca lcu la te  C ( q ) .  we  begin  with a nonstat ionary  data   set   wi th  

s ta t ionary   increments   and   de te rmine   the   range   of   sca les ,   f rom q to R ,  where   sca le   invar iance  

occur s .   Fo r   t he   fou r   da t a   s e t s   o f   i n t e re s t ,   a l l  M M  5 scales   were  used ( k  > 9 . 4  km) .   Then ,   a t   t he  

smallest   scale  q ( 9 . 4  k m )   w e   d e f i n e  

( 7 )  

Fol lowing   Davis   e t  al .  ( 1 9 9 4 ) .  we  take  m = 1 .   T h e   a v e r a g e  o v e r  a part icular   scale  r is  then 

computed :  

1 I*' 

r .  
E ( r ; x )  = - j ~ ( q ; x ' )  d x ' ,  q < r 5 L ,  q < x 5 L - r ( 8 )  

By  spatially  averaging & ( r , x ) ,  w e   c a n   s e e k  a power- law  dependence   of  E(r)  o n  r f o r  a g iven   order  q :  

Similar  to  the  calculation  of H ( q ) ,  
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C ,  i s   computed   fo l lowing   I ’Hosp i t a l ’ s   ru l e  as the   (numer ica l )   der iva t ive   o f  K I .  

U s i n g   t h e   M M 5   w i n d   s p e e d   a n d   t e m p e r a t u r e   r e s u l t e d  in s imilar   values   for  C , ,  about   0 .09  

(Tab le  1 ) .  T h e  W AM  wind   speed   and   tempera ture   observa t ions   were   a l so   s imi la r ,  C ,  = 0 . 0 5 ,  hu t  

lower   than   the   MM5  va lues .   Al l   four   da ta   se t s ,   therefore ,   have   low  in te rmi t tency;   th i s   can   he   seen  

as  the  lack  of  large  amplitude  spikes  in  the  data  sets.   As  an  example  of  results  from  another 

geophys ica l   da t a   s e t ,   Marshak   e t   a l .   ( 1997)   r epor t ed  C ,  va lues   r ang ing   f rom 0 . 0 3  to 0 .15  for   l iqu id  

water   conten t   in   mar ine   s t ra tocumulus   c louds  

6 .  C o n c l u s i o n s  

A fl ight   during  the W B57F  Aerosol   Miss ion   revea led   severa l   in te res t ing   dynamica l   fea tures  

in   the  s t ra tosphere  on  Apri l  1 1 ,  1998 .   F rom  the   obse rva t ions   on   boa rd   t he   a i r c ra f t ,   compar i sons  

wi th   HALOE  prof i les ,   and   t ra jec tory   model ing ,  i t  appears   the  W B57F  f lew  through  a i r   that  

o r ig ina ted   a t   the   edge   of   the   po lar   vor tex .   Gravi ty   waves   were   observed   in   the   lower   s t ra tosphere  

dur ing   the   f l igh t   over   the   Laramie   and   Bighorn   Mounta ins .   Severe   tu rbulence   was   repor ted   by   the  

p i lo t ,   and   ins t ruments   measured   la rge   f luc tua t ions   in   hor izonta l   wind   speed   and   d i rec t ion   and   an  

increase  in  the  variabil i ty  of  ozone in the  vicini ty   of   the   wave.  In addi t ion,   potent ia l   temperature  

sur faces   as   measured   by   MTP  were   near ly   ver t ica l   a t   the   loca t ions   o f   the   tu rbulence .   Wavele t  

p o w e r   s p e c t r a   o f  w i nd   speed ,   t empera tu re ,   and   ozone   show  s ign i f i can t   power   ( a t   t he   95%  l eve l )  in 

the   reg ions   o f   the   g rav i ty   wave .  

A high  spat ia l   resolut ion  mesoscale   a tmospheric   model   (MM 5 )  was   run  to simulate  the 

grav i ty   wave .   Though  the   t empera tures   o f   the   model   were   too   low  compared   wi th   those   measured  

by MTP,   the   model   p red ic ted   the   loca t ion   and   a l t i tude   o f   the   g rav i ty   waves   fa i r ly   wel l .   Evidence   o f  

the  wave  structure  is   apparent  from  the  vertical   velocity  perturbations  and  the  potential   temperature 

character is t ics  in the   model   ou tput .   The   s t rength   o f   the   b reaking   wave   over   the   Laramie   Mounta ins  

appeared   less   in   the   model   ou tput   than   repor ted   by   the   p i lo t   and   observed   on   hoard   the   a i rc raf t ,  

which  could  he  due  to   the  lack  of   small -scale   gravi ty   waves  in   the  model   or   the   t iming  of   the 

increase  in   the  surface  level   wind.   Analysis   of   the   event   over   the  Bighorn  Mountains   indicated  that  

more   severe   tu rbulence   may  have   been   encountered   by   the   a i rc raf t   had   i t   f lown  s l igh t ly   h igher   on  

the   southbound  sec t ion   of   f l igh t .  

The   b lob   of   h igh  P V  air   seen in t h e   E C M   W F   a n a l y s e s   o v e r  W y o m i n g   w a s  a resul t   of   an 

increase in the  wind  shear ,   and  only a s l igh t   change  in the  static  stabil i ty.   Furthermore,   the  gravity 

waved   p roduced   by   MM5  were   uncor re l a t ed   w i th   r eg ions   o f   h igh  P V  in   the  model .   Therefore ,   i t  

appears   tha t   whi le   the   vor tex   a i r   sampled   by   the   a i rc raf t   could   have   modi f ied   the   a tmospher ic  

cond i t ions   somewha t ,   t he   mode l   r e su l t s   i nd ica t e   t ha t   t he   g rav i ty   waves   wou ld   have   occu r red   ( and  

b roken)  in  the  lower  stratosphere  even  in  the  absence  of  the  vortex  air .  
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Sca le   ana lys i s   o f   t he   obse rva t ions   and   MM5  ou tpu t   o f   t empera tu re   and   ho r i zon ta l   w ind  

speed   ind ica te   tha t   MM5  may  no t   be   cor rec t ly   model ing   smal l   sca le   mot ions   in   the   a tmosphere .  

Power   spec t r a   show  tha t   MM5  da t a   have   subs t an t i a l ly   l e s s   power   a t   s ca l e s   a round  50 k m ,   w e l l  

above  the  Nyquist   wavelength,   re la t ive  to   the  larger   scales .   This   smoothness   in   the  MM 5 data  

compared  to   the  observat ions  can  be  seen  by  comparing  the  potent ia l   temperature   surfaces   a long 

the   f l i gh t   t r ack   f rom  MTP  and   MMS  (F igu res  5 a n d   9 )   a n d  in  the  wind  speeds  and  temperatures 

(F igures   12a   and   13a) :   by   no t ing   the   l a rger  f l  fo r   t he   MM5  ou tpu t   (Tab le   1 ) .   i nd ica t ing   l e s s   sma l l  

scale   act ivi ty   compared to the  larger   scales:   and  by  comparing  the  calculated  pers is tence  measures  

H ,  (Tab le  I ) ,  w h i c h   a r e   h i g h e r   ( m o r e   p e r s i s t e n t ,   o r   m o r e   c o r r e l a t e d )   f o r   t h e   M M 5   o u t p u t .  

Th i s   s tudy   demons t r a t e s   t he   capab i l i t y   o f   MM5  to   s imu la t e   g rav i ty   waves ,   t hough   t he  

s imula t ions   a r e   no t   pe r f ec t .   The   MM5  r e su l t s   were   ve r i f i ed   u s ing   a i r c ra f t   obse rva t ions ,   i nc reas ing  

the  confidence  of   using M M 5 for   addi t ional   case  s tudies   where  gravi ty   waves  play  an  important  

ro l e .   Th i s   s tudy   shows   t ha t   MM5  may   be   ab le   t o   p red ic t   b reak ing   g rav i ty   waves   and  so  could   he  

uti l ized  for  avoiding  turbulence  during  aircraft   f l ights.  
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M a r s h a k ,   A , ,   A .   D a v i s ,   W .   W i s c o m b e ,   a n d   R .   C a h a l a n ,  1 9 9 7 :  Scale   invar iance   in   l iqu id   water  
dis t r ibut ions  in   marine  s t ra tocumulus.   Par t  11: Mult i f ractal   propert ies   and  intermit tency 
i ssues .  J .  A m o s .  S c i . ,  5 4 ,   1 4 2 3 - 1 4 4 4 .  

M u r p h y ,   D . ,   T .   T .   T h o m p s o n ,   a n d   M .  J .  M a h o n e y ,  1 9 9 8 :  In   s i t u   measu remen t s   o f   o rgan ic s ,  
me teo r i t i c   ma te r i a l ,   mercu ry ,   and   o the r   e l emen t s   i n   ae roso l s   a t  5 to 19 kilometers.  S c i e n c e ,  
2 8 2 .   1 6 6 4 - 1 6 6 9 .  
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Tab le  1 .  Scal ing   proper t ies   computed   us ing   the   PTW  tempera ture   and   INS  wind   speed  
observat ions  during W A M  and  the M M 5  temperature  and  wind  speed  interpolated  to  the W A M  
fl ight  track  at  9 . 4  km  gr id   spac ing .   Resul t s   f rom  the  W A M  observa t ions   have   been   computed  
using  only  the  range  of   scales   avai lable   in   the  interpolated M M 5  da ta .  H ,  indicates   pers is tence;  C ,  
indicates   intermit tency;   both  range  f rom 0 to 1 .  Note   tha t   i f  a process   is   scale- invariant   and  is  

nonstat ionary  with  s ta t ionary  increments ,   then B = 2 H ,  t I .  Multifractali ty  or  multiscaling  is  
i nd ica t ed   by   t he   noncons tan t   va lues   o f  H , ,  H , ,  and  H , .  

Data  set H ,  H z  H6 B 2 H 2  t 1 c ,  
PTW  Tempera tu re  0 . 3 6  0 . 3 3  0 . 2 3  1 . 5 9  1 . 6 6  0 . 0 5  

M M 5 Temperature  0 . 6 4  0 . 5 8  0 . 5 0  2 . 0 0  2 . 1 6  0 . 0 9  

I N S   W i n d   S p e e d  0 . 2 9  0 . 2 5  0 . 1 5  1 . 8 3  1 . 5  0 . 0 5  

M M 5 W ind  Speed 0 . 5 8  0 . 5 3  0 . 4 5  2 . 0 5  2 . 0 6  0 . 0 9  
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E C M  W F Potent ia l   Vort i c i tv   98041118   450  K 

7 9 1 1   1 3  1 5  I 7  1 9  2 1   2 3   2 5   2 7  29 31 33 35 

....... 

F igu re  1 .  E C M  W F potential   vorticity  (PV ; PV  uni t s   where  1 P V  unit  = 10 ' K m' kg" s I )  over   the  

eastern  Pacif ic   and  western  United  States   on  the 8 = 4 5 0  K sur face   for   Apr i l  1 I ,  1 9 9 8 ,  a t  1 8  U T C .  
Boxes   i nd ica t e   i nne r   two   domains   u sed  in M M 5  m o d e l  run.  W B57F  Aerosol   Miss ion   f l igh t   t rack  
o r ig ina t ing   i n   Hous ton ,   Texas   (30"N.  9 5 " W )  is   shown  by  the  sol id   curve.   Note   the  f i lament   of  
vortex  a i r   s t re tching  f rom  Alaska to California  and  the t w o  blobs  of   high  PV  a i r   in tersected  by  the 

sou the rn  b l o b .  
a i r c ra f t .   The   no r the rn   one   was   s ampled  b y  the  aircraft ,   while  the  aircraft  w as   lower   than   the  



4 7 0 b ’  A ‘ B  C ’  D ‘ E  F ’ ’ ’ I ’ ’ n.  ‘ ’ ’ ’,’ ‘ ! : I 8  ; 

6.00.104  6.10.104  6.20.104  6.30.104  6.40.104 6 ~ 0 . 1 0 ~  6.60*104 
W B 5 7 F  U T C  ( s e e )  

17.0 
W B57F U T C  ( h o u r )  

17.5  18.0 

37.90  39.63  41.40  43.05  44.56  45.78  44.17 
W B 5 7 F  Lalitude 

-101.71  -103.07  -104.53  -105.98  -107.40  -108.29  -106.63 
W B57F Longitude 

F igu re  2 .  Traces   o f   a i r c ra f t   obse rva t ions   on   Apr i l  1 1 ,  1 9 9 8  for   the   nor thernmost   sec t ion  of f l ight .  
(a)   Pressure  (black  curve)   and  potent ia l   temperature   (gray  curve)   and ( b )  t empera ture   measured  by 
PTW;   ( c )   ozone   ( so l id   cu rve )   and   PALMS  f r ac t ions  of  aerosols   containing  meteori t ic   mater ia l  

(d i amonds ) ;   (d )   wa te r   vapor   measu red   by   t he   JPL  T D L  (b lack   cu rve )   and   NOAA  Lyman-a   (g ray  
curve)   ins t ruments ;   (e )   wind   speed   and   ( f )   wind   d i rec t ion   f rom  the   Iner t ia l   Naviga t ion   Sys tem.  
L e t t e r s   “ A “   t h r o u g h  “ I ”  cor re spond  to points   located o n  m a p  in  Figure 3 .  
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M M 5   E l e v a t i o n  ( m ) ,  E C M W  F 7 0 0  h P a   W i n d s  ( m l s )  
W AM Fl ight  Track  980411 

Figure  3 .  M a p  of  nor thernmost   sec t ion   of  W B57F  f l igh t   t rack   on   Apr i l  1 1 ,  1 9 9 8 .  C o n t o u r s   o f  
e levat ion ( m )  used  in  the MM5  s imula t ion   a r e   p lo t t ed   w i th   an   i n t e rva l   o f  2 5 0  m .  W i n d   b a r b s  
indicate   direct ion  and  speed (mls )  o f  7 0 0   h P a   w i n d s   f r o m   E C M W  F analyses   a t  1 8  U T C  o n  flight 
day .   Poin ts  “ D ”  (La ramie   Moun ta ins )   and  “1” (Bighorn   Mounta ins)   a re   the   loca t ions   o f   the   major  
g rav i ty   waves .  

2 0  



H A L O E  W V ,  0 3  9 8 0 4 0 8  

W a t e r  " 

0 2 4 6 8 
C o n c e n t r a t i o n   ( p p m v )  

E C M  W F P V  4 5 0  K 9 8 0 4 0 8 1 8  

Figure 4 .  ( a )   H A L O E   o z o n e   a n d   w a t e r   v a p o r   p r o f i l e s   f r o m   A p r i l  8 ,  1 9 9 8 .   D i a m o n d s   s h o w  
a i rc raf t   observa t ions   o f   water   vapor   and   ozone   ad jus ted   to   HALOE  va lues .   (b)   Map  of   loca t ions   o f  
H A L O E   p r o f i l e s   a n d   E C M  W F  potential   vorticity ( P V  uni t s )   on   Apr i l  6 ,  1998   a t   18  U T C .  2 0  P V  
uni t   contour   i s   d rawn IO approximate   the   vor tex   edge .   The   HALOE  prof i le   sampl ing   vor tex   a i r   a t  
1O"W is   indicated  by  the  blue  dashed  curve in ( a )  and  the  blue  plus  in  (b);   the  other  profiles 
sampled   mid la t i tude   a i r  and are   indicated  by  colored  sol id   curves   (a)   and  c i rc les   (b) .  
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M i c r o w a v e   T e m p e r a t u r e   P r o f i l e r   ( M T P )  6 ( K )  W A M  980411 

1 

I . . . . I . . . ’ ~ ” .  

1 7 . 0   1 7 . 5   1 8 . 0  
W B 5 7 F   T i m e  ( U T C  h o u r )  

3 7 . 9 0   3 9 . 6 2   4 1 . 4 2   4 3 . 0 8   4 4 . 6 0   4 5 . 7 9   4 4 . 1 7  
W B 5 7 F   L a t i t u d e  

I I I I I I I 
- 1 0 1 . 7 1   - 1 0 3 . 0 6   - 1 0 4 . 5 4   - 1 0 6 . 0 0   - 1 0 7 . 4 4   - 1 0 8 . 3 0   - 1 0 6 . 6 3  

W B 5 7 F   L o n g i t u d e  

Figure  5 .  Potent ia l   t empera ture   sur faces  ( K )  f r o m   M i c r o w a v e   T e m p e r a t u r e   P r o f i l e r   ( M T P )   f l y i n g  
o n  no r thbound  W B S 7 F  o n  Apri l  1 1 .  1 9 9 8 .  Contour   in te rva l   i s  10 K .  Let ters  “ A ”  t h rough  “ I ”  
correspond  to   po in ts   loca ted  o n  m a p  in  F igu re  3 .  Flight   a l t i tude  is   p lot ted  as   dashed  curve.   Major  
grav i ty   wave   events   a re   loca ted  at  “ D ”  and “ I ” .  
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INS W i n d  S p e e d   W a v e l e t   P o w e r   S p e c t r u m  980411 

A B  C D E F C H I  
1 

6 .00 .104   6 .10 .104   6 .20 -104   6 .30 -104   6 .40 -104   6 .50 .104   6 .60 .104  
U T C  ( s e e )  

I I I 1 , 1 , , 1 / 1 , , 1  

1 7 . 0   1 7 . 5  
W B 5 7 F  T i m e  ( U T C  h o u r )  

18 .0  

3 7 . 9 0   3 9 . 6 4   4 1 . 4 3   4 3 . 0 8   4 4 . 6 0   4 5 . 8 0   4 4 . 1 8  
W B 5 7 F   L a t l t u d e  

I I I I I I I 

- 1 0 1 . 7 1   - 1 0 3 . 0 7  - 1 0 4 . 5 5  - 1 0 6 . 0 1   - 1 0 7 . 4 3   - 1 0 8 . 3 2  -106.64 
W B 5 7 F   L o n g i t u d e  

W a v e l e t  P o w e r  

Figure  6 .  S e c t i o n  of I N S  w i n d   s p e e d   w a v e l e t   p o w e r   s p e c t r u m   c o r r e s p o n d i n g  to F igure  2 .  T h i c k  

a u t o r e g r e s s i v e   m o d e l .   P e r i o d s   w e r e   c o n v e r t e d   t o   w a v e l e n g t h s   u s i n g   a i r c r a f t   s p e e d  of   0 .2  km s . ’ .  
c o n t o u r   i n d i c a t e s  9 5 %  s i g n i f i c a n c e   l e v e l   f o r  a red   no i se   spec trum  computed   us ing  a lag-1  

M a j o r   g r a v i t y   w a v e s   o c c u r   a t   P o i n t s  “ D ”  and “I” .  
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W A M  O z o n e   W a v e l e t   P o w e r   s p e c t r u m  980411 

A B C D E F C H I  
1 ' ~ " ' ~ " ~ ' ~ I ~ ~ ~ ~ ~ " ' I " ' ~ ~ " ~ ' I " ~ ' ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ' ~ ~ ~ ' 1 '  

6 . 0 0 . 1 0 4   6 . 1 0 . 1 0 4   6 . 2 0 - 1 0 4   6 . 3 0 . 1 0 4   6 . 4 0 . 1 0 4   6 . 5 0 . 1 0 4   6 . 6 0 . 1 0 4  
U T C  ( s e e )  

1 , , , , I  , I , , I I I I  

1 7 . 0   1 7 . 5  
W B 5 7 F  T i m e   ( U T C   h o u r )  

18.0  

I I I I I I I 

37 .90   39 .64   41 .43   43 .08   44 .60   45 .80   44 .18  
W B 5 7 F  L a t i t u d e  

I I I I I I I 

- 1 0 1 . 7 1   - 1 0 3 . 0 7  -104.55 - 1 0 6 . 0 1   - 1 0 7 . 4 3   - 1 0 8 . 3 2   - 1 0 6 . 6 4  
W B 5 7 F  Long i tude  

F i g u r e  7 .  O z o n e   w a v e l e t   p o w e r   s p e c t r u m .   S e e   F i g u r e  6 for detai ls .   Note   lack of concentrated 
p o w e r   a t  I O  s tha t   i s   seen   in   the   wind   speed   wavele t .  
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P T W   T e m p e r a t u r e   W a v e l e t   P o w e r   S p e c t r u m  9 8 0 4 1 1  

A B  C D E F C H I  
1 ' ~ " " " ~ ~ ' ~ ~ " ~ ~ " ' " " " ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ' ~ ~ ' ~ ' ~ ~ '  

6.O0.1O4  6.10.1O4  6.20-104  6.30*104  6.40*1O4  6.50.104 6 . 6 0 ~ 1 0 ~  
U T C   ( s e e )  

I I I I I I , ,  I I 1 1  I 1  

17 .0   17 .5   18 .0  
W B 5 7 F  T i m e  ( U T C  h o u r )  

3 7 . 9 0   3 9 . 6 4   4 1 . 4 3   4 3 . 0 8   4 4 . 6 0   4 5 . 8 0   4 4 . 1 8  
W B 5 7 F  L a t i t u d e  

I I I I t I I 

- 1 0 1 . 7 1  - 1 0 3 . 0 7   - 1 0 4 . 5 5   - 1 0 6 . 0 1   - 1 0 7 . 4 3   - 1 0 8 . 3 2   - 1 0 6 . 6 4  
W B 5 7 F   L o n g i t u d e  

W a v e l e t   P o w e r  

Figure  8 .  P T W  t empera tu re   wave le t   power   spec t rum.   See   F igu re  6 for   de ta i l s .   Some 
c o n c e n t r a t e d   p o w e r   a t  10 s appears .   bu t   i s   no t   as   p reva len t   as  f o r  w ind   speed .  
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M M 5  0 ( K )  A l o n g   W A M  Fl ight  T r a c k  980411 

6 .00 .104   6 .10 .104   6 .20 .104   6 .30 .104   6 .40*104   6 .50 .104  6 . 6 0 ~ 1 0 ~  
W B 5 7 F   T i m e   ( U T C  s e e )  

I . . . , I . . . . I . . .  

17 .0   17 .5   18 .0  
W B 5 7 F   T i m e   ( U T C   h o u r )  

3 7 . 9 0   3 9 . 6 2   4 1 . 4 2   4 3 . 0 8   4 4 . 6 0   4 5 . 7 9   4 4 . 1 7  
W B 5 7 F   L a t i t u d e  

- 1 0 1 . 7 1   - 1 0 3 . 0 6   - 1 0 4 . 5 4   - 1 0 6 . 0 0   - 1 0 7 . 4 4   - 1 0 8 . 3 0   - 1 0 6 . 6 3  
~~~~ ~~ 

W B 5 7 F   L o n g i t u d e  

Figure  9 .  S a m e   a s   F i g u r e  5 hut   for  M M 5  model   po ten t ia l   t empera tures   in te rpola ted  to W B 5 7 F  
f l ight   t rack  and  t imes.  M o d e l  domain   beg ins   a t  61 ,500  s. Contour   in te rva l   i s  5 K .  

2 6  



M M 5  9 ( K ) .  w ( m h )   9 8 0 4 1 1   1 7 2 0  U T C  42 .51N  105 .50W Point  D 
30 

40 

5 0  

6 0  
7 0  
8 0  
90  

1 0 0  

6 
a 
f 

: 200 
Y 

L 

3 0 0  

5 0 0  

7 0 0  

1000 

_...__..._ 8 2 5  ......... 

- 4 0  

5 0  - 6 0  - 7 0  
8 0  
90  
1 0 0  

- 

- 
- - 

- 2 0 0  

- 300 

- 5 0 0  

- 7 0 0  

- 1 0 0 0  

-100  - 5 0  0 so 1 0 0  
D i s t a n c e  f r o m  N o r t h b o u n d  A i r c r a f t  ( k m )  

Figure 10. Ver t ica l   c ross -sec t ion   of  M M 5  vert ical   winds  ( thick  curves;   dot ted  indicate   negat ive 
va lues ;   mls )   and   po ten t ia l   t empera ture   (gray   curves ;  K )  f rom  model   t ime 1 7 2 0  U T C  o n  Apri l  1 1 ,  
1 9 9 4 ,  at  4 2 . 5 " N ,  1 0 5 . S " W  (Po in t  "C" in F igu re  3) .  Data   a re   p lo t ted   perpendicular  to fl ight  track 
and  relative  to  aircraft   location o n  g round ;   wes t  is  to  the  left.   Hatched  region  indicates  topography. 
Aircraft   location  indicated b y  cross .  
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M M 5  8 ( K ) ,  w ( m l s )  9 8 0 4 1 1   1 8 0 0  U T C  44.62N  107 .45W P o i n t s  H ,  I - 

I 

-100 - 5 0  0 5 0  
Distance f r o m  N o r t h b o u n d   A i r c r a f t  ( k m )  

30 

10 

50 

60 
70 
B O  
90 
L O O  

L O O  

300 

5 0 0  

7 0 0  

1000 

1 0 0  

Figure  1 1 .  S a m e   a s   F i g u r e  7 b u t   a t 4 4 . 6 " N .  1 0 7 . 5 " W  (Po in t  " H "  in  Figure 3 )  and   a t   mode l   t ime  

(Po in t  "I" in F igu re  3 ) ,  a t  1 8 1 8  U T C ,   i n d i c a t e d  b y  dot   to   r igh t   o f   nor thbound  a i rc raf t   loca t ion .  
18 UTC.   Nor thbound   a i r c ra f t   ( c ros s )   pas sed   ove r   a t  1 7 4 8  UTC.   Sou thbound   a i r c ra f t   l oca t ion  
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2 3 0  

2 2 5  

5 
a3 220 

n 
8 2 1 5  
c 
c 
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2 0 5  

T e m p e r a t u r e  
I " ' I " ' l " ' I '  

- - 
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- - 

M M 5  
I . . . I . . . I . I . l l  

0 2 0 0  400  600 
Dis tance  ( k m )  

l o 2  1 
T e m p e r a t u r e   P o w e r   S p e c t r u m  

l o o  

I. * 
B 
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& 

l o T 8  
1 0 0 0 . 0   1 0 0 . 0  10.0 1 .o 

W a v e l e n g t h  ( k m )  
0.1 

Figure 12 .  (a )   PTW  tempera ture   observa t ions  and spatially  interpolated M M 5  temperature   a t  1 7 2 0  
U T C  along W B 5 7 F  f l ight   t rack.  (b) Power   spec t rum  fo r   PTW (sol id  curve)   and  M M  5 (dashed  
curve) .   Note   reduced  M M 5  p o w e r   t h r o u g h o u t   s p e c t r u m .   L e a s t   s q u a r e s   f i t s  to power   spec t r a   a t  

M M 5  sca les   a l so   shown  a long   wi th   cor responding  b .  
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W i n d   S p e e d  
4 0  
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Figure  1 3 .  ( a )  I N S  and  M M 5  hor i zon ta l   w ind   speed   a long   f l i gh t   t r ack .   (h )   Power   spec t r a .   See  
F igu re  12 for   detai ls .  
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W i n d   S p e e d  
1 ' ' ' ' 1 ' ' " ' ' 1 " ' ' ' ' " ' " " ' ' 1 1 1 ' ' ' ' ' " " 1 "  

I N S ( s u b s e t )  H 1 = 0 . 2 9  
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Figure  14 .  Log- log   p lo t  of interval   d is tance versns st ructure   funct ion  used  in   calculat ion o f  H , .  (a)  
P T W  (plusses;   solid  l ine)  and  interpolated M M 5  (d iamonds ;   dashed   l ine)   t empera tures .   (b)  I N S  
(plusses)  a n d  interpolated M M  5 (d iamonds)   hor izonta l   wind   speeds .   Leas t   squares   f i t s  also 
plotted.   Dotted  l ine  indicates  f i t  to observa t ion   s t ruc ture   func t ions   us ing   on ly  M M 5  scales .  
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